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Measuring Constraint parameters at Different 
Combinations of circuit parameters 

Related Application 

The present application is related to coi)ending U.S. application entitled, "Reducing 

Time to Measure Constraint Parameters of Components in an Integrated Circuit", Serial 
Number: UNASSIGNED, filed on April 1 , 2003, naming as inventors: Katla et al, Attomey 
Docket Number: TI-32656, and assigned to common assignee. 

Background of the Invention 

Field of the Invention 

The present invention relates to computer aided design (CAD) used to implement 
integrated circuits, and more specifically to a method and apparatus for measuring constraint 
parameters at different combinations of circuit parameters. 

Related Art 

Integrated circuits generally contain several components such as flip-flops and 
registers. It is often desirable to determine several characteristics of the components, for 
example, to determine a maximum clock speed at which an integrated circuit may be 
operated. Some of such characteristics of interest are constraint parameters. Constraint 
parameters generally refer to values specifying the minimum delay/duration between 
occurrence of two signals, with the reference signal being termed as a constraining signal and 
the other signal being referred to as a constrained signal. 

For example, c onstraint parameters of interest with reference to sequential components 
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(having memory, e.g. flip-flops) include setup time, hold time and minimum pulse width. 
As is well known, setup time generally refers to a minimal time duration a signal of interest 
(e.g., input signal as the constrained signal) is to reach a desired signal level ahead of a 
reference signal (constraining signal). Hold time refers to a minimum duration of time the 
signal of interest is to stay at the desired level after an edge of a clock signal, for example, to 
enable proper sampling. Pulse width refers to a minimum pulse duration the 
reference/constraining signal (e.g. clock signal) needs to stay at a desired signal level for a 
signal of interest to be sampled accurately by a sequential component. 

Constraint values generally depend on specific combination of circuit parameters 
associated with an integrated circuit. Examples of circuit parameters include the slew rates 
of the clock and the data signals. As is well known, the slew of a signal represents the rate 
of change of signal level when the signal transitions from one logical value to the other. In 
general, slew is measured based on an amount of time taken for the signal to change from a 
level substantially representing one logical value to another level representing flie other 
logical value. 

Circuit parameters may include (or be affected by) other factors such as manufacturing 
process, temperature and voltage, which generally impact the electrical characteristics of 
integrated circuits. Accordingly, the value of constraint parameters can be affected by such 
parameters as well. Thus, a constraint parameter may take one value at one combination of 
circuit parameters and another value at another combination of circuit parameters. 
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The correct value of a constraint parameter (for a specific combination of circuit 
parameters) is often determined by searching within a search range (of the constraint 
parameter). In an approach referred to as a binary search well known in the relevant arts, a 
value in the middle of the search range is assumed for the constraint parameter, and an input 
5 signal is provided to flie component simulated using tools such as SPICE also well known in 
the relevant arts. The search range for the next iteration is set to either the upper half or a 
lower half (of the search range for the previous iteration) depending on flie result of 
simulation. Such an approach is continued iteratively until the correct value (within 
acceptable error) of the constraint parameter is detemiined. 

10 It is often desirable to measure the correct value of constraint parameters at different 

combinations of circuit parameters. For example, a cell library may contain designs 
corresponding to several components (e.g., flip-flops, latches), and it may be desirable to 
compute the constraint values of the components for different combinations of circuit 
parameters. The values thus computed may be stored associated with the corresponding 

15 components in the cell libraries. When an integrated circuit is designed later, a designer (or 
tool assisting with the design) may make appropriate design decisions quickly based on the 
available values, irrespective of flie combination of circuit parameters at which the circuit is 
being designed. 

It may thus be appreciated that the number of constraint values to be measured can be 
20 substantially high with the number of elements/variables in fiie circuit parameters, the number 
of possible values for each specification element, etc. At least due to such a high number of 
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constraint values to be computed, substantial amount of time (or computational resources) 
may be required to determine the constraint values of interest. It may thus be desirable to 
reduce time to measure constraint parameters at different combinations of specifications. 

Summary of the Invention 

5 An aspect of the present invention enables the measurement of a constraint parameter 

of a component for a combination of circuit parameters according to which an integrated 
circuit is implemented. In an embodiment, the value of the constraint parameter for a given 
combination of circuit parameters is estimated based on the constraint values corresponding 
to other combinations of the circuit parameters. The estimated value is then used to search 
10 for the correct value of the constraint parameter for the given combination. 

As the estimation may be accurate, the correct value can be determined by searching 
in a narrow rangp, thereby reducing time to measure constraint parameters for several 
combinations of the circuit parameters. In an embodiment, the constraint parameters are 
measured for a flip-flop, and the circuit parameters contain slew rates of a data signal and a 
15 clock signal. 

In an embodiment, the search is implemented by performing a first simulation of the 
component using the estimated value, and determining whether ttie first simulation retums a 
pass result. If the first simulation retums the pass result, a first search range is set with a 
higher end equaling the estimated value and a lower end equaling (the estimated value less 
20 a first value). If the first simulation does not return the pass result, flie first search range is set 
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with the lower end equaling the estimated value and the higher end equaling (the estimated 
value plus a second value). 

In general, in each subsequent iteration, the higher end of the search range is set to the 
search point (search value) if the simulation result is a pass, and the lower end of the search 
5 range is set to the search point otherwise. In addition, if at least one instance of pass and fail 
(i.e., not pass) results are not already encountered, the lower end is decreased in case of pass 
result and the higher end is increased in the case of fail result. The extent of increase and 
decrease may be progressively increased during each iteration. 

Thus, simulations may be continued until a third search range is determined, with the 
1 0 higher end of the third search range retuming the pass result and the lower end not returning 
the pass result In one embodiment, a binary search is performed in the third search range to 
determine the correct value for the constraint parameter. 

In an alternative embodiment, a curve (delay as a function of constraint parameter 
values) is generated based on the previous simulations (with at least one pass result and one 
1 5 fail result). Multiple intermediate points are selected in the third search range. An expected 
delay is determined associated with each intermediate point using the curve. Each expected 
delay is compared with a threshold to determine whether the expected delay is acceptable or 
unacceptable. An expected delay is deemed acceptable if the expected delay is less than the 
threshold and unacceptable otherwise. 
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A next point of simulation is determined based on the results of comparison. For 
example, two intermediate points at 1/3 and 2/3 of the third search range may be selected. 
If both results are unacceptable the 2/3 point may be selected as the next point, and the 1/3 
point is selected if both the results are acceptable. A middle point in the search range is 
selected if one of the results is acceptable and another is unacceptable. By using such an 
approach, the search range maybe reduced to 1/3 instead of 1/2 in the case of a binary search. 
Due to the reduction, the number of searches may be also reduced. 

Further features and advantages of the invention, as well as the structure and operation 
of various embodiments of the invention, are described in detail below with reference to the 
accompanying drawings . In the draw ings, like refere nee numbers gene rally indicate id entical, 
functionally similar, and/or structurally similar elements. The drawing in which an element 
first appears is indicated by the leftmost digit(s) in the corresponding reference number. 

Brief Description of the Drawings 

The present invention will be described with reference to the following accompanying 
drawings. 

Figure (Fig.) 1 is a block diagram of a computer system implemented according to an 
aspect of present invention. 

Figure 2 is a block diagram of a D flip-flop illustrating the details of an example 
component. 

Figure 3 is a flowchart illustrating the manner in which constraint parameter values 
for various combinations of circuit parameters may be determined quickly according to an 
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aspect of present invention. 

Figure 4 is a graph illustrating the variation of constraint value with variation in data 
slew, which can be used to determine the constraint parameters according to an aspect of 
present invention. 

Figure 5 is shown containing a matrix representing the manner in which each of the 
constraint parameters may be determined in an embodiment of the present invention. 

Figure 6 is a flowchart illustrating the manner in which correct values may be 
determined from estimated values quickly according to an aspect of present invention. 

Figure 7 is a graph illustrating the variation of propagation delay with variation in 
constraint values used to determine better search points according to an aspect of present 
invention. 

Figure 8 is a flowchart illustrating the manner in which curve-fitting approaches can 
be used to reduce the number of simulations while searching in a range according to another 
aspect of the present invention. 

Detailed Description of tlie Preferred Embodiments 

1. Overview 

An aspect of the present invention reduces the time to measure a constraint parameter 
for a specific combination of circuit parameters by first generating an estimate of the 
constraint parameter based on any previously computed values for different combinations of 
the circuit parameters. The estimate may be fairly accurate due to the use of previously 
computed values, and the search for the con-ect value may be performed in a feirly narrow 
range due to such estimation. Due to the search in the narrow range, the constraint value for 
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the specific combination may be measured quickly. The aggregate time to measure constraint 
parameters for various combinations of circuit parameters may thus be reduced. 

Several aspects of the invention are described below with reference to example 
"^environments for illustration. It should be understood that numerous specific details, 
5 relationships, and methods are set forth to provide a full understanding of the invention. One 
skilled in the relevant art, however, will readily recognize fliat the invention can be practiced 
without one or more of the specific details, or with other methods, etc. In other instances, 
well-known structures or operations are not shown in detail to avoid obscuring the invention. 

2. Computer System 

10 Figure 1 is a block diagram of computer system 100 illustrating an example system 

for implementing the present invention. Computer system 100 may contain one or more 
processors such as central processing unit (CPU) 110, random access memory (RAM) 120, 
secondary memory 130, graphics controller 160, display unit 170, network interfece 180, and 
input interface 1 90. All the components except display unit 1 70 may communicate with each 

1 5 other over commimication path 1 50, wh ich may co ntain se vera 1 buses as is w ell known in the 
relevant arts. The components of Figure 1 are described below in further detail. 

CPU 110 may execute instructions stored in RAM 120 to provide several features of 
the present invention. CPU 110 may contain multiple processing units, with each processing 
unit potentially being designed for a specific task. Alternatively, CPU 110 may contain only 
20 a single processing unit. RAM 120 may receive instructions from secondary memory 130 
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using communication path 150. Data representing various cells (in libraries) and flie 
determined constraint values may be stored and retrieved from secondary memory 130 
(and/or RAM 120) during the execution of the instructions. 

Graphics controller 160 generates display signals (e.g., in RGB format) to display unit 
5 1 70 based on data/instructions received from CPU 110. Display unit 1 70 contains a display 
screen to display the images defined by the display signals. Input interface 190 may 
correspond to a key-board and/or mouse, and generally enables a user to provide inputs. 
Network interface 180 enables some of the inputs (and ou^uts) to be provided on a network. 
In general, display unit 170, input interface 190 and network interface 180 enable a user to 
10 design integrated circuits using cell libraries provided in secondaiy memory 130 (or received 
from network interface 180), and may be implemented in a known way. 

Secondary memory 130 may contain hard drive 131, flash memory 1 36 and re movable 
storage drive 137. Secondary storage 130 may store the software instructions and data (e.g., 
cell libraries and determined constraint values), which enable computer system 1 00 to provide 
15 several features in accordance with the present invention. Some or all of the data and 
instructions may be provided on removable storage unit 140, and the data and instructions 
may be read and provided by removable storage drive 137 to CPU 110. Floppy drive, 
magnetic tape drive, CD-ROM drive, DVD Drive, Flash memory, removable memory chip 
(PCMCIA Card, EPROM) are examples of such removable storage drive 137. 

20 Removable storage unit 140 may be implemented using medium and storage format 
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compatible with removable storage drive 137 such that removable storage drive 137 can read 
the data and instructions. Thus, removable storage imit 140 includes a computer readable 
storage medium having stored therein computer software and/or data. An embodiment of the 
present invention is implemented using software running (that is, executing) in computer 
5 system 100. 

In this document, the term "computer program product" is used to generally refer to 
removab le storage unit 1 40 or hard disk installed in hard drive 131. These computer program 
products are means for providing software to computer system 100. As noted above, CPU 
110 may retrieve the software instructions, and execute the instructions to provide various 
10 features of the present invention. The features of the present invention are described below 
in detail. For illustration, the features are described with reference to a D flip-flop. 

3. Example Component 

Figure 2 is a block diagram of D flip-flop 200 illustrating an example component, the 
constraint parameters of which can be measured according to an aspect of the present 
1 5 invention. D flip-flop 200 is shown receiving D-input 2 1 0 and elk-input 220, and generating 
Q-output 240 in response. 

D flip-flop 200 transfers the signal received on D-input 210 to Q-output when elk- 
input 220 transitions from a logical low to high. Thus, the signal at Q-ou^ut on path 240 may 
be similar to the signal at D-input but appears after certain delay. D fl5)-flop 200 may be 
20 characterized by three constraint parameters - setup time, hold time and pulse width. The 
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constraint parameter values may depend on the specific values associated with the circuit 
parameters. 

The manner in which the setup time of D flip-flop 200 can be determined for various 
combinations of slew times (of data signal and clock signal) is described below. However, 
the approaches can be applied to other components, constraint parameters and circuit 
parameters, as will be apparent to one skilled in the relevant arts. Such applications are 
contemplated to be within the scope and spirit of various aspects of the present invention. 

4. Method 

Figure 3 is a flowchart illustrating the manner in which constraint parameter values 
for various combinations of circuit parameters may be determined quickly according to an 
aspect of present invention. For illustration, the method is described with reference to Figures 
1 and 2. However, the method can be implemented in several other embodiments to 
determine the constraint parameter of other components as will be apparent to one skilled in 
the relevant arts based on the disclosure provided herein. The method begins in step 301 in 
which control passes to step 310. 

In step 310, computer system 100 estimates a constraint value for a combination of 
circuit parameters based on constraint values determined for other combinations of circuit 
parameters. Various approaches may be employed for such an estimation. An example 
approach is described in sections below in further detail. 
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In step 330, an approximate range may be determined based on the estimated value. 
In general, the range needs to include some values which are greater than the estimated value 
and some values which are less than the estimated value. 

In step 340, computer system 100 performs a search in the range determined in step 
5 330 for the correct value. Searching generally entails using a specific value for the constraint 
parameter (sought to be measured), and determining whether the component is functional with 
that specific value. The specific value is changed iteratively until the correct value (within 
acceptable error limits) is determined. An example search approach is described below in 
further detail. 

10 In step 350, computer system 100 determines whether a correct value was found 

(determined) or not in step 340. If a correct value is found, control is transferred to step 399, 
otherwise control is transferred to step 360. In step 360, the range in which search is to be 
performed, is changed and control is transferred to step 340. Thus, the loop of steps 340, 350 
and 360 is continued until a correct value (for the constraint parameter) is found. The method 

15 ends in step 399. 

The steps of Figure 3 are illustrated with additional examples below. In an 
embodiment, the estimation of step 310 is performed by using curve fitting technique. The 
principle underiying curve fitting technique is described below with reference to Figure 4. 
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5. Principle 

Figure 4 is a graph illustrating the variation of constraint value with variations in 
slews. It should be appreciated that the graph is based on various data points fliat are sought 
to be determined accoiding to various aspects of the present invention. However, 
5 examination of the accurate values provides an appreciation of the principle used in an 
embodiment of the present invention. 

The graph contains data slew (i.e., slew of the data signal) along x-axis and constraint 
values along y-axis. Three curves 410, 420 and 430 are shown corresponding to three values 
of clock slew (i.e., slew of the clock signal). Thus, it may be appreciated that each curve is 
10 drawn keeping the clock slew constant. However, similar (curve) pattern may be observed 
by keeping the data slew constant and varying the clock slew. 

From Figure 4, it may be appreciated that the constraint values fall in the pattern of a 
curve, which can be modeled using various mathematical expressions. In an embodiment, 
a 2-D spline curve is used to determine the pattern and thus estimate the next value (as in step 
15 310 of Figure 3). However, in some cases, prior values may not be present, and in such cases 
estimation as in step 310 may not be possible. The manner in which the constraint values 
may be determined using the approach(es) above is described below with reference to Figure 
5. 

6. Matrix 

20 Figure 5 is shown containing a matrix representing the manner in which each of the 
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constraint parameters may be determined in an embodiment of the present invention. The 
matrix is shown containingS rows 510, 520, 540, 560 and 580, and 6 columns 501, 502, 504, 
506, 508 and 509, resuUing in 30 entries. Even though the description is provided with 
reference to a matrix containing only two dimensions, it should be appreciated that the 
concepts can easily be extended to multiple dimensions (manufecturing process, temperature, 
voltage, etc.) without departing from Ihe scope and spirit of various aspects of the present 
invention. 

The entries along the row correspond to a particular value of clock slew with changing 
data slews, and entries along the column correspond to a particular value of data slew with 
changing clock slews. Accordingly, entries ((1,1), (1,2), (1,3), (1,4), (1,5) and (1,6)) in row 
510 represents values corresponding to a first value of clock slew and changing the data slew. 
The entries ((1,1), (2,1), (3,1) , (4,1), and (5,1)) in column 501 represent values corresponding 
to a first value of data slew and changing the clock slew. 

The manner in which each entiy can be determined is described now. It may be 
helpful to appreciate that the values are described as being determined in a row major order 
from left to right, starting from the left-lower comer in Figure 5 . Thus, in row 510, entry ( 1,1) 
(at left lower comer) contains *none', indicating that the value in the entry may need to be 
determined independently (wifliout the benefit of any prior values). Thus, the constraint value 
corresponding to entry (1, 1) may be determined by a prior approach (e.g., binary search). 

Entry (1 ,2) contains PLC (prediction using last constraint value), which indicates ttiat 
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the constraint value corresponding to entry (1,2) is determined from the value predicted 
(estimated) based on the previous slew (represented by entry (1,1)). PLC is used when only 
one previous entry is available for determining the correct value of the next entry. Similarly, 
entry (2,1) also contains PLC. 

5 Entry (1,3) contains PDS (prediction using curve fitting across data slews), which 

indicates that the constraint value corresponding to entry (1, 3) is estimated based on 
previously determined correct values in the same row (i.e., correct values corresponding to 
(l,l)and (1,2)). Similarly, correct values of the other entries with PDS may be estimated 
using previously coTiq)uted correct values corresponding to entries in the same row. The 
10 correct values may then be determined by searching around the estimated values. 

In row 520, Entry (2,2) contains PPC (prediction using parallel curves), which 
indicates that the constraint value corresponding to entry (2,2) is determined assuming that 
the curves corresponding to rows 510 and 520 are parallel Thus, the difference of actual 
values corresponding to entries (1,1) and (1,2) may be determined, and the same difference 
15 is used in relation to actual value corresponding to entry (2, 1 ) to estimate the value for entry 
(2, 2). 

In row 540, entry (3,1) contains PCS (prediction using curve fitting across clock slew) 
which indicates that the constraint value corresponding to entry (3,1) is determined from the 
value estimated based on the previously determined correct values in the same column (i.e., 
20 correct values corresponding to (1,1) and (2,1)). Similarly, values of the other entries with 
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PCS may be estimated using previously computed values corresponding to entries in the same 
column. 

From the above, it may be qjpreciated that constraint values for several combinations 
of circuit parameters may be estimated based on previously computed correct values. The 
manner in which the correct value can be determined from an estimated value is described 
with additional examples below. 

7. Determining Correct Value From an Estimated Value 

Figure 6 is a flowchart illustrating the manner in which correct values may be 
determined from estimated values in an embodiment of the present invention. The method 
begins in step 601 and control immediately passes to 605. 

In step 605, computer system 100 receives estimated value, minimum range, Rmax , and 
Rmin. Rmax and Rmin respectively represent the maximum and minimum values the constraint 
value can potentially have, and may be provided by the designer of the component. Minimum 
range specifies the acceptable error in computation of the correct value for a constraint 
parameter. 

In step 610, variables Hend and Lend are respectively set equal to (estimated value + 
small value) and (estimated value - small value). In an embodiment, 'small value' is chosen 
equal to zero. As described below, the variable Lend represents the lower (left) end of a 
(present) search range and the variable Hend represents the higher (right) end of the search 
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range. 



Variables Hexp and Lexp are both set equal to 1 . The variables Hexp and Lexp are 
used to accelerate the increase of the range in right and left directions if successive fail and 
pass results are obtained while determining the search range in the loop of steps 620- 690, as 
5 described below^ . ' 

Pflag and Fflag respectively represent pass flag and fail flag, which are both initially 
set to false. Pflag and Fflag respectively change to and remain at tiue when the first case of 
pass and fail is encountered as described below. When both the flags are true, the search 
range is deemed to be accurately determined by the loop of steps 620 - 690. 

10 In step 620, a next search point is determined. The determination can be performed 

using various approaches. In an embodiment, when at least one of Pflag and Fflag is false, 
the search point is selected to equal the average of Hend and Lend. On the other hand, when 
both Pflag and Fflag are true, the manner in which search point may be determined is 
described below with reference to Figure 7. 

15 In step 625, simulation is performed at the search point (detemiined in step 620), that 

is, the component is simulated assuming a constraint value equaling the search point. Tools 
such as SPICE simulators, well known in the relevant arts, may be used for the simulation. 

In step 630, a determination is made as to whether the simulation of step 625 has 
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passed (or is successful). In an embodiment, the result is determined to be a pass if the 
component is functional (i.e., data propagated in the case of flip flop 200) and if the 
propagation delay corresponding to search point is lesser than Rdelay (the measurement of 
which is described in sections below). The result is determined to be a fail ottierwise. 
Control is transferred to step 640 if the result is deemed as fail, and to step 670 otherwise. 

In step 640, the variable Lend is set equal to search point, and Fflag is set to True 
reflecting that a simulation fail situation is already encountered. In step 650, status of Pflag 
and Fflag is examined to determine whether both the flags are equal to 'True'. If both Pflag 
and Fflag are equal to 'True', control is transferred to step 690, otherwise to step 660. 

In step 660, Hend is set equal to {Hend + K x Hexp}, and Hexp is set equal to Hexp 
X 2 ('x' indicates a mukipHcalion factor), wherein K represents some constant value. As may 
be appreciated, flie result of multiplying Hexp is that the rate of increase of Hend is more over 
successive iterations. Control is transferred to step 690. In step 670, the variable Hend is set 
equal to the search point, and Pflag is set equal to True, similar to the manner in which Lend 
and Fflag are set in step 640 above. 

In step 680, status of Pflag and Fflag is examined to determine whether both the flags 
are equal to True'. Ifboth Pflag andFflag are equal to true, control is transferred to step690, 
otherwise to step 685. In step 685, Lend issetequal to {Lend- K xLexp}, Lexp is set equal 
to Lexp X 2 ('x' indicates a mult^jlication fiictor). Control is then transferred to step 690. 
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In step 690, a determination is made as to whether SRange (equaling Hend - Lend) is 
less than the minimum range (received in step 605). If the SRange is less than the minimum 
range, control is transferred to step 695, otherwise control is transferred to step 620. In the 
loop of steps 620 - 690, appropriate steps are repeated iteratively until SRange becomes less 
5 than minimum range. 

In step 695, the search point corresponding to the last pass result (in step 630) is 
reported as the correct value of the constraint parameter. As the Hend variable contains the 
corresponding value, the correct value is reported using Hend, and the method ends in step 
699. Thus, the correct value of a constraint parameter may be determined from the estimated 
10 value. The operation of the steps of Figure 6 is further illustrated with reference to an 
example below. 

8. Example 

Figure 7 is a graph containing the constraint values (setup times) used for a search on 
X-axis and the propagation delay (i.e., between rising edge of a clock and the data showing 
15 up at Q-output) on flie Y-axis. When the constraint value is lower than the minimum value 
permissible, the propagation delay is shown heading towards infinity, implying that the data 
is not propagated. 

As may be observed, the propagation delay is shown increasing exponentially in one 

portion as the constraint value is decreased and substantially flat in another portion as the 

I 

20 constraint value is increased. The correct constraint value is the smallest setup time at which 
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the delay is less than Rdelay within accuracy limit (minimum range in the document), and is 
assumed to be at point 763 in the present illustrative example. The delay corresponding to 
infinite set up time (or Rmax practically) is referred to as Idelay. 

Rdelay is a parameter defined as some delay higher (e.g., 10% more) than Idelay, and 
5 is used in determining the correct value as described above with reference to Figure 6. Rmin 
and Rmax respectively represent minimum and maximum constraint values specifying lower 
and upper bound to any search ranges, and may be specified by a user. The curve of Figure 
7 is used to determine successive search points as described below. 

Continuing with combined reference to Figures 6 and 7, for illustration, it is assumed 
1 0 that the estimated value corresponds to point 760. A pass result would be determined in step 
630 (since search point 760 is substantially more than accurate value 763), and thus control 
passes to step 670 . Hend is then set to the search point and Pflag is set to true. Control then 
passes to step 685, in which Lend is reduced by (K x Lexp), and the resulting Lend is 
assumed to correspond to point 762. The search range at the end of the first iteration is thus 
15 between points 762 and 760. Control then passes to step 620. 

The search point for the next (second) iteration is set to fte average of Lend and Hend 
(assumed to be point 761) as Fflag is false. A pass result would be detected in step 630 (again 
since search point 761 is substantially more than accurate value 763), causing Lend to be 
reduced by a larger factor than in the first iteration, and Lend is according^ assumed to equal 
20 764. Hend would be set to the search point 761 . The search range at the end of the second 
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iteration is thus between points 764 and 761. Control Ihen passes to step 620. 

The search point for the next (third) iteration is set to the average (point 765) of Lend 
and Hend. A fail result would now be detected in step 630 (as search point 765 is 
substantially less than accurate value 763), control passes to step 640. Lend is set equal to 
5 the search point (765), and Fflag is set equal to true. As both the flags are now set to true, 
control passes to stqp 690 from steps 650 and 680 in all the subsequent iterations (including 
the present iteration). Thus, at the end of the third iteration, the search range is between 
points 765 and 761. 

It should be appreciated that the range defined by pass and fail points at either end, 
10 would be narrow if the constraint parameter is estimated with some level of accuracy. As a 
result, the number of iterations above may be minimized. Once the search range is narrow, 
the number of searches with that range also would be fewer, thereby leading to further 
reductionin the cell library characterization time. The manner in which fiirther searching can 
be performed within the pass and fail points, is described below. 

15 In one embodiment, a binary search is performed while narrowing the search range 

in successive iterations until the condition of step 690 becomes tme. An alternative 
embodiment is described below with reference to Figure 8. The method is described with 
reference to the embodiments described above merely for illustration. However, the method 
can be implemented in other environments/embodiments as well. The method begins in step 

20 801, in which control immediately passes to step 810. 



Patent 



Page 22 of 37 



TI-35709 



In step 810, a curve (with delay as a function of constraint parameter value) is 
generated fitting the various fail and pass points. In an embodiment the curve is represented 
by an equation, which can then be evaluated for various determinations. In the example of 
above, the curve may be fitted through points 760, 761 and 765. Various curve fitting 
5 techniques (e.g.. Spline curve) well known in the relevant arts may be employed. For 
illustration, it is assumed that the curve of Figure 7 is generated. 

In step 830, determine an expected delay corresponding to one or more intermediate 
points in the search range by using the generated curve. As may be appreciated, the closest 
pass and fail points (in the illustrative example, points 765 and 761) form the search range. 
10 In an embodiment, the delay corresponding to two points (1/3 and 2fi of the search range) is 
determined by examining the curve. 

In other words, assuming that 790 and 780 respectively represent the X-coordinates 
for the fail and pass points of the search range, the 1/3 (point 766) and 2/3 (point 768) points 
in that range (780-790) are determined, and the corresponding delay on the Y-axis is 
1 5 determined by examining the curve. 

In step 850, each of the delays determined in step 830 is compared with a threshold. 
In an embodiment, the threshold is set equal to Rdelay noted above. If a delay is less than the 
threshold, the delay is deemed to be acceptable, oflierwise unacceptable. 

In step 860, the next point of simulation is determined based on the results of 
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comparison of step 850. If the results of both points 766 and 768 are deemed to be 
unacceptable, the next point of simulation may be set to 2/3 point 768. If the results of both 
points 766 and 768 are deemed to be acceptable, the next point of simulation may be set to 
1/3 point 766. If result of point 768 is acceptable and if the result of point 766 is 
unacceptable, the next point of simulation may be set to intermediate point 769 (shown as 
being at the middle) in the search range. 

In the illustrative example, both the points 766 and 768 are deemed to be acceptable 
in step 850, as delays at points 766 and 768 are smaller than threshold (Rdelay at point 763). 
Hence, the next simulation point is set to 1/3 point 766 in step 860. 

In step 870, a simulation is performed for the next point determined in step 860. In 
the illustrative example, the simulation is perfonned at point 766 in step 870. The result of 
simulation is deemed to be pass as the delays determined in step 830 using curve fitting are 
generally accurate. 

In step 890, a new search range is set based on the result of the simulation. In the 
illustrative example, the next search range is set to between points 765 and 766 in step 890. 
This search range is 1/3 of previous search range, between points 765 and 761 . 

Various approaches may be used to search within the range to determine the correct 
delay value. As may be appreciated, the approach of Figure 8 may enable reduction in 
number of iterations (simulations) as the search window may be reduced to 1/3 (as opposed 
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to half in a binary search). 



Thus, using approaches such as above, the correct value of a constraint parameter can 
be determined. As may be appreciated, due to the use of the correct value corresponding to 
other combinations of Ihe circuit parameters, the estimated value for a given combination may 
5 be accurately determined. Due to such accuracy, the number of additional searches required 
may be further minimized by searching aiound the estimated value. 

9. Conclusion 

While various embodiments of the present invention have been described above, it 
should be understood that they have been presented by way of example only, and not 
1 0 limitation. Thus, the breadth and scope of the present invention should not be limited by any 
of the above described exemplary embodiments^ but should be defined only in accordance 
with the following claims and their equivalents. 
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